
\ 

203 

PRELIMINARY SMALL-SCALE COMBUSI'lUirl TESTS OF COAI. L I I )UIDS 

J . E .  Haebig, B.E. Davis and E.R.  Dzuna 

Gulf Research 6 Development Co. 
P i t t sbu rgh ,  PA 15230 

\ 

\ 

\ 

f' 

1.0 INTRODUCTION 

Because of r ecen t  i n t e n s e  concern f o r  environmental  conservat ion,  a i r  
p o l l u t a n t s  which o r i g i n a t e  from combustion sources  have a t t r a c t e d  a g r e a t  d e a l  o f  
a t t e n t i o n ,  i nc lud ing  s u l f u r  ox ides ,  n i t rogen  ox ides  (NO ),  and smoke p a r t i c u l a t e s .  
Emission f a c t o r s  f o r  s t a t i o n a r y  sources  have been d e t e g i n e d  which relate t h e  rate o f  
p o l l u t a n t  em s s i o n  to  t h e  types of b o i l e r s  and furnaces  and grades of f u e l  o i l s  and 
o t h e r  fuels. '  S tud ie s  have demonstrated t h a t  NO emissions arise from two sources :  
(1) molecular n i t rogen  i n  t h e  combustion a i r  is  Exidized v i a  a thermal process  t o  
form "thermal NO "; and (2) n i t r o g e n  which i s  chemically bound i n  t h e  f u e l  is con- 
ve r t ed  t o  " fue l  fi0 ''.2,394 The most e f f e c t i v e  approach t o  e l imina t ing  NO 
from combustion soc rces  i s  t h e  modif icat ion of t h e  combustion process .  
combustion modif icat ion techniques have been developed to combat NO emissions,  and 
s taged combustion has  been shown to  be t h e  most e f f e c t i v e  techniqueXfor t h e  suppression 
of t h e  ox ida t ion  of f u e l  n i t r ~ g e n . ~ . ~  
r e l a t e d  to t h e i r  AF'I g r a v i t y  and o the r  p rope r t i e s .  

emissions 
Sgveral  

The smoking t ndencies of f u e l  o i l s  have been 

The growing imbalance between energy consumption and f u e l  product ion has  
c rea t ed  a need t o  supplement petroleum-derived f u e l s  by t h e  conversion of c o a l  and 
o the r  f o s s i l  f u e l  forms i n t o  l i q u i d  f u e l s .  S tud ie s  by many o rgan iza t ions ,  including 
the  Gulf O i l  Corp ra t ion ,  haveshown tha t  low s e v e r i t y  processing is s u f f i c i e n t  to convert  
coal  t o  a low s u l f u r  l i q u i d  f u e l .  However, such l i q u i d s  s t i l l  d i f f e r  from conven- 
t i o n a l  petroleum-derived f u e l  o i l s  i n  t h e  same v i s c o s i t y  range; t h e  coa l  l i q u i d s  
con ta in  more n i t r o g e n  and aromatic  compounds, being hydrogen d e f i c i e n t .  
t he  combustion of such l i q u i d s  can b e  expected to  produce g r e a t e r  emissions o f  NO 
and smoke 

A s  a r e s u l t ,  

X and w i l l  r e q u i r e  upgrading t o  produce s u i t a b l e  f u e l  products .  

I n  o rde r  t o  ob ta in  more information about t h e  r e l a t i o n s h i p s  between coa l  
l i q u i d  composition and combustion emissions,  w e  have submitted s e v e r a l  c o a l  l i q u i d s  
to  t h e  combusti n tests t o  be descr ibed i n  t h i s  paper.  
one-gph (3 .8  dm h) r e s i d e n t i a l  b o i l e r  w a s  used, which required r e l a t i v e l y  small 
s a m p l e s ;  t h e  c o a l  l i q u i d s  were t e s t e d  a s  produced and were in  t h e  q u a l i t y  range 
of a No. 4 f u e l  o i l .  Thus, t h e s e  t e s t s  a r e  prel iminary i n  na tu re ,  and n e i t h e r  
t h e  b o i l e r  nor t h e  l i q u i d s  used a r e  intended to  r ep resen t  f u t u r e  commercial 
equipment o r  f u e l  products .  The r e s u l t s  of these t e s t s  of c o a l  l i q u i d s  a r e  i n s t e a d  
t o  be i n t e r p r e t e d  by r e f e r r i n g  t o  some tests o f  convent ional  petroleum-derived f u e l  
o i l s  i n  t h e  same b o i l e r ,  which served to  "ca l ib ra t e"  i t .  Some o p e r a t i n g  parameters 
of t h e  burners and b o i l e r  w e r e  a l s o  va r i ed  t o  f u r t h e r  e s t a b l i s h  t h e i r  r o l e  i n  t h e  
combustion behavior of t h e  c o a l  l i qu ids .  

I n  these  tests a modified 9 

2 ,  EXPERIMENTAL 

2.1 EQUIPMENT AND PROCEDURES 

The s t r u c t u r e  of t h e  test b o i l e r  and a s soc ia t ed  equipment used is shown in 
Figure 1. 
38cm (15 i n . )  long, 28cm (11 i n . )  wide, and. 3 5 . 5 ~ 1 ~  (14 i n . )  high; t h e  flame gases  
then passed upward i n t o  t h e  b o i l e r  s e c t i o n ,  where they were cooled t o  230-290°C (450- 
550'F). 

The burner  was f i r e d  h o r i z o n t a l l y  i n t o  a f i r e b r i c k - l i n e d  combustion chamber 

Gases were sampled from t h e  f l u e  immediately above t h e  b o i l e r  s e c t i o n ,  and 
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were de l ive red  through 6.25mm O.D. s t a i n l e s s  s t e e l  tub ing  t o  an i c e  b a t h  and a 
t r a i n  of continuous ana lyze r s  f o r  NO 
CO (NDIR), and 02. 
CO, and by comparison wi th  combustion s to i ch iomet r i c  ca l cu la t ions .  A Bacharach smoke 
number sampler (ASTM D 2156) w a s  a l s o  pos i t ioned  i n  t h e  f l u e ;  smoke f i l t e r  d i s c s  were 
read  photometr ica l ly .  The low ve loc i ty  of  t h e  f l u e  gases made i s o k i n e t i c  sampling 
imprac t i ca l .  

. 
(e lec t rochemica l  o r  chemiluminescent), C02  and 

Ins t rument  a c c u r k y  w a s  v e r i f i e d  wi th  Orsat readings  f o r  C 0 2  and 

A modified r e s i d e n t i a l  "gun-type" burner was used, which had a motor-driven 
fan.  The sma l l  o r i f i c e  of t h e  pressure-atomizing nozz le  tended t o  become plugged by 
t h e  c o a l  l i q u i d s ;  and it w a s  necessary  to  s u b s t i t u t e  an  air-atomizing nozz le ,  which 
had no small o r i f i c e s .  This burner  was a l s o  equipped w i t h  a n  e f f i c i e n t  flame r e t e n t i o n  
head, which was so pos i t i oned  t h a t  a l l  the  combustion a i r  emerged through i t  i n t o  the  
combustion chamber. Although t h i s  produced a high s w i r l  and turbulence  i n  t h e  
flame, i t  permitted measurements a t  l o w  excess  a i r  l e v e l s  without t h e  formation of 
excess ive  smoke, which would tend t o  degrade t h e  r e l i a b i l i t y  of t h e  f l u e  gas  ana lys i s  
ins t ruments .  (The behavior of  o t h e r  burners  wi th  l e s s  a i r  turbulence  was a l s o  ascer -  
t a ined ;  t hese  a r e  desc r ibed  i n  Sec t ion  3.2) A f u r t h e r  advantage of t h e  air-atomizing 
nozz le  (compared t o  pressure-atomizing nozz les )  is t h e  independent v a r i a b i l i t y  of 
f u e l  f low (which was c o n t r o l l e d  by a p e r i s t a l t i c  pump), atomizing pressure ,  and f u e l  
v i s c o s i t y .  

3 I n  a t y p i c a l  run, t h e  f u e l  f lowra te  was he ld  cons tan t  a t  3.8 dm / h  
(1.0 gph), and the combustion air  inpu t  w a s  va r i ed .  The atomizing air  p res su re  was 
34.4kPa ( 5  p s i )  un less  o the rwise  noted. The b o i l e r  w a s  f i r e d  i n i t i a l l y  with No. 2 
f u e l  o i l  t o  br ing  t h e  system t o  equi l ibr ium be fo re  in t roducing  samples. 
t he  No. 2 oil w a s  f ed  i n t o  t h e  system t o  check ins t rumenta t ion  and t o  s e r v e  as a 
re ference .  During a run, rhe  combuscion a i r  was va r i ed  and measurements of Smoke 
Number, CO, C02, 02, NO , and unburned hydrocarbon w e r e  taken. 
a i r  g a t e  opening o r  o t h &  ope ra t ing  va r i ab le ,  t h e  excess  a i r  l e v e l  w a s  ca l cu la t ed  i n  
t h e  convent iona l  manner from t h e  measured C02 and t h e  C / H  conten t  of t h e  test f u e l .  

parameter of i n t e r e s t  is t h e  p o r t i o n  of t h e  NO 
and t h e  f r a c t i o n  o f  t h e  f u e l  n i t rogen  w h i c h  was" converted t o  NO 
t h e  f u e l  n i t rogen  emerging a s  N ). 2 gases  from the  combustion of t h e  test f u e l  was assumed t o  be  t h e  s d e  as t h a t  measured 
i n  t h e  combustion of  No. 2 f u e l  o i l ,  and was sub t r ac t ed  from the  t o t a l  va lue  t o  
o b t a i n  t h e  fuel-NO concent ra t ion .  (Two s l i g h t  d i f f e rences  between t h e  combustion 
of No. 2 f u e l  oil 2nd of c o a l  l i q u i d s  which a r e  neglec ted  in t h i s  procedure a r e  t h e  
d i f f e r e n t  volumes of dry  s t a c k  gases and the  d i f f e r e n t  flame temperatures,  r e s u l t i n g  
from t h e  use o f  t he  same volumetr ic  f u e l  feed r a t e  b u t  d i f f e r e n t  hea t  input  rates. 
The r e s u l t i n g  e r r o r  is es t ima ted  t o  be less than 5%.) The f r a c t i o n  of f u e l  n i t rogen  
converted t o  NO w a s  ob ta ined  as t h e  r a t i o  of the  observed fuel-NO concent ra t ion  and 
the  theoreticalXfuel-NO concent ra t ion  computed f o r  complete convegsion by combustion 
s to ich iometry .  
ana lyses .  

Pe r iod ica l ly ,  

A t  each change of the  

I n  a d d i t i o n  t o  t h e  measured t o t a l  concent ra t ions  of NO i n  t h e  f l u e  gas,  a 
which or ig ina tedXfrom t h e  f u e l  n i t rogen  

( the  remainder of 
The concent ra t ion  of thermaf-NO i n  t h e  f l u e  

The n i tgogen  con ten t s  of t he  t e s t  f u e l s  were determined by Kje ldahl  

2 .2  PROPERTIES OF FUELS 

The p rope r t i e s  o f  t h e  f u e l s  t e s t ed  a r e  l i s t e d  in Table I. The c o a l  l i q u i d s  
were produced i n  a bench-scale ve r s ion  of t he  Gulf C a t a l y t i c  Coal Liquefac t ion  process ,  
which is based on t h e  hydrogenation of a pulverized coa l -so lvent  s l u r r y .  Tnese 
l i q u i d s  contained less than  0.1% s u l f u r .  Samples F1 and F2 a r e  f i l t e r e d  f u l l  bo i l i ng  
range process e f f l u e n t s ;  they  were produced from western subbituminous and P i t t sbu rgh  
Seam bituminous c o a l s ,  r e spec t ive ly .  These fu l l - range  l i q u i d s  contained 0.5% n i t rogen ,  
knd t h e i r  v i s c o s i t i e s  were in  t h e  range of  No. 4 o r  No. 5 f u e l  o i l s .  
a 13O-35O0C (270-67O0F) d i s t i l l a t e  obtained from the  fu l l - r ange  l i q u i d  F1; it contained 
0.31% n i t r o g e n  and i ts  v i s c o s i t y  was near t h a t  of No. 2 f u e l  o i l .  

Coal l iqu id  "D"was 

I 

1 
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3. RESULTS AND DISCUSSION 

3.1 FMISSIONS FROM COAL LIQUIDS 

Emissions of s u l f u r  d iox ide  were very low because of t h e  low s u l f u r  content  

The 
of t hese  l i q u i d s .  
gases  were less than  5 ppm except a t  times when t h e  smoke number exceeded e i g h t .  
smoke datu . ire prcsenlrd i n  Section 3.1.3;  t h e s e  coa l  l i q u i d s  produced much less smoke 
than t h a t  which i s  encountered while  burning t y p i c a l  petroleum-derived f u e l  o i l s  having 
such low API g r a v i t i e s  (7-14OAF'I). When t h e  excess a i r  was g r e a t e r  than 25%, a r e l a -  
t i v e l y  low air  requirement ,  t h e  smoke from t h e  d i s t i l l a t e  aod fu l l - r ange  c o a l  l i q u i d s  
was  wi th in  t h e  l i m i t s  corresponding ( r e spec t ive ly )  t o  home fu rnaces  and i n d u s t r i a l  uses. 
The only emission which seemed t o  be problematic w a s  NO,. 

The concen t r a t iom of carbon monoxide and hydrocarbons i n  t h e  f l u e  

3.1.1 Conversion of Fuel-Bound Nitrogen 

The NO concen t r a t ions  i n  t h e  f l u e  gas  measured i n  t h e  tests of t he  coal  
l i q u i d s  i n  t h e  ah -a tomiz ing  t e s t  burner  are shown i n  Figure 2 .  The d i s t i l l a t e  
produced between 250 and 300 ppm of NO , and t h e  ful l - range l i q u i d s  produced between 
300 and 400 ppm of NO . The emissionsXfrom No. 2 f u e l  o i l  a r e  a l s o  shown. The 
concentrat ion of NO 
co r rec t ion  f o r  d i l u t i o n  by excess  air shows (Figure 3) t h a t  t h e  amount of NO emit ted 
from t h e  burning o f  c o a l  l i q u i d s  increased wi th  excess  a i r ;  t h i s  w a s  due t o  fncreased 
ox ida t ion  of t h e  fuel-bound n i t rogen .  The amount of thermal NO produced by t h e  No. 2 
f u e l  o i l  
a d d i t i o n a l  a i r .  

f n  t h e  f l u e  gas d i d  n o t  vary g r e a t l y  wi th  excess  a i r ,  bu t  

decreased w i t h  inc reas ing  excess a i r ,  due t o  coolingXof t h e  flame by the 

The e f f e c t s  of t h e  n i t rogen  content  of t h e  f u e l s  and of t h e  excess a i r  
l e v e l s  i n  t h e  tests can b e s t  be seen i n  Figure 4,  which p resen t s  t h e  f r a c t i o n  of f u e l  
n i t rogen  converted t o  NO a s  a func t ion  of t h e  excess  a i r  l e v e l .  W e  f i r s t  compare 
t h e  behavior of t h e  coa lXl iqu ids  and petroleum f u e l s  when t h e  excess  air  was 25%. 
Thirty-two and f o r t y  percent  of t h e  n i t rogen  i n  t h e  ful l - range coa l  l i q u i d s  w a s  
converted t o  NO . These conversion values  are c l o s e  to  those f o r  0.5% n i t rogen  
petroleum o i l s  Feported by Turner and S i e g m ~ n d ; ~  i n  t h a t  s tudy ,  a 10-gph b o i l e r  was 
used, which contained an  insulat ion-l ined combustion chamber and an air-atomizing 
nozzle.  The f u e l  n i t rogen  conversion exh ib i t ed  by t h e  d i s t i l l a t e  c o a l  l i q u i d  i n  ou r  
tests w a s  52%. which is  higher  t han  t h a t  of t h e  ful l - range l i q u i d s ;  t h i s  va lue  i s  
a l s o  c lose  t o  t h a t  05 a petroleum f u e l  o i l  con ta in ing  0.3% ni t rogen,  observed by 
Turner and Siegmund. -These va lues  f o r  f u e l  n i t rogen  conversion i n  t h e  coa l  l i q u i d s  
a r e  a l s o  c o n s i s t e n t  w i th  the  obse rva t ion  by o t h e r s  t h a t  more of t h e  f u e l  n i t rogen  is  
converted i n  less ni t rogen-r ich f u e l ~ . ~ , 3 , 6  
i n  t h i s  s tudy and i n  t h e  l a r g e  u n i t  reported i n  Reference 3 involvesf lames which a r e  
s i m i l a r  i n  a spec t s  t h a t  a f f e c t  f u e l  n i t rogen  conversion; i f  s o ,  one can conclude t h a t  
t h e  NO emissions from c o a l  l i q u i d s  w i l l  gene ra l ly  resemble t h a t  from petroluem f u e l  
oils i: such b o i l e r s .  Observations of t he  e f f e c t s  of burner ope ra t ing  parameters a r e  
descr ibed i n  Sect ion 3.2. 

It  is  p o s s i b l e  t h a t  t h e  t e s t  u n i t  used 

Thus, t h e  d i s t i l l a t e  c o a l  l i q u i d  contained only 60% as much n i t rogen  a s  t h e  
ful l - range c o a l  l i q u i d s ,  but  i t  y i e lded  nea r ly  a s  much NO i n  combustion, as a r e s u l t  
of the higher  f u e l  n i t rogen  conversion a s soc ia t ed  with i t$ lower n i t rogen  concentra- 
t i o n .  

I n  a d d i t i o n  t o  t h e  e f f e c t  of t he  n i t rogen  concen t r a t ion  on t h e  conversion 
l e v e l s ,  o t h e r  d i f f e r e n c e s  between the  d i s t i l l a t e  and ful l - range l i q u i d s  may have 
inf luenced the  n i t rogen  conversions i n  these l i q u i d s .  The v i s c o s i t y  of t h e  f u l l -  
range l i q u  d was four  t imes t h a t  of t h e  d i s t i l l a t e ,  and from a c o r r e l a t i o n  f o r  pneumatic 
atomizers,' i t  w a s  es t imated t h a t  t h e  mass mean diameter of t h e  d r o p l e t s  i n  t h e  
f i l t r a t e  spray w a s  twice t h a t  of  t h e  d i s t i l l a t e  d rop le t s .  Furthermore, t he  d rop le t s  
of the ful l - range l i q u i d  probably v o l a t i l i z e d  i n  the  flame more slowly than those of 
t h e  d i s t i l l a t e .  
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There a r e  a l s o  a few i n d i c a t i o n s  of e f f e c t s  of t h e  v o l a t i l i t y  and composition 
of t h e  n i t rogen  compounds in  t h e  fue l s .  Approximately one-half of t h e  ni t rogen 
compounds i n  the fu l l - r ange  l i q u i d  F 1  boi led above 350°C (670°F), i n  c o n t r a s t  t o  t h e  
ni t rogeneous components of the d i s t i l l a t e ,  which of course a l l  b o i l e d  below t h a t  
temperature.  Tests  of pyridine-doped No. 2 f u e l  o i l  i n  t he  t e s t  burner  (curve "10"' 
in Figure 7)  a l s o  i n d i c a t e  t h a t  t h e  py r id ine  was more ex tens ive ly  oxidized than were 
the n i t rogen  compounds i n  t h e  d i s t i l l a t e  c o a l  l i q u i d .  [The conversion of t he  0.5% N 
o i l  ( a s  py r id ine )  w a s  c l o s e  t o  t h e  n i t r o g e n  conversion l e v e l  (52% at 25% exce$s a i r )  
of t h e  d i s t i l l a t e  c o a l  l i q u i d  (which contained 0.3% n i t r o g e n ) ,  and t h e  conversion of 
0.3% N oil (as pyr id ine )  would then d e f i n i t e l y  exceed 52X.l F ina l ly ,  i n  t h r e e  of t h e  
burners  employed i n  tests descr ibed i n  Sec t ion  3.2, t h e  conversion of p ipe r id ine  i n  
No. 2 f u e l  o i l  was 10-15% g r e a t e r  t han  t h e  conversion of py r id ine ;  t h e  dopant level 
was 0.50% N i n  both cases, and t h i s  d i f f e r e n c e  occurred only between 50% and 100% 
excess  a i r .  

3.1.2 Ef fec t  o f  Excess A i r  

The major o p e r a t i n g  parameter which a f f e c t s  combustion emissions is t h e  
excess  a i r  l e v e l .  I n  t e s t s  o f  t h e  c o a l  l i q u i d s  i n  t h e  test burner ,  between 70% and 
80% of the  f u e l  ni t rogen i n  a l l  t h e  c o a l  l i q u i d s  w a s  converted t o  NO at ve ry  h igh  
excess  a i r  l e v e l s .  The f u e l  n i t r o g e n  conversion exh ib i t ed  by t h e  d i z t i l l a t e  l i q u i d  
decreased r egu la r ly  t o  40% as t h e  excess  a i r  l e v e l  was red ced t o  6%. These conversion 
l e v e l s  a r e  c l o s e  to those  observed by Turner and Siegmund.Y They a l s o  found t h a t  t h e  
conversion continued t o  dec rease  a s  t h e  a i r  feed w a s  reduced below s to i ch iomet r i c  
va lues ,  i n  a s imula t ion  o f  t h e  f i r s t  s t a g e  of s t aged  combustion; t h i s  accounted f o r  
t h e  success  of t h i s  technique. The conversion of t h e  f u e l  n i t r o g e n  i n  the  ful l - range 
coa l  l i q u i d s  exh ib i t ed  a similar response t o  decreasing excess  a i r ,  a l though i n  t h e  
lower excess  a i r  range, i t s  dec rease  appears  t o  be unusually rapid,  Others have also 
noted dramatic  decreases  i n  conversion wi th  decreasing excess  air . '  Thus, staged 
combustion may se rve  t o  l i m i t  t h e  NO emisaions a r i s i n g  from the  n i t rogen  i n  c o a l  
l i q u i d s .  
r e s idence  t i m e  is longer  than  t h a t  o f  t h e  test u n i t  used here .  However, s taged 
combustion is l imi t ed  by t h e  s o o t  formed i n  t h e  fue l - r i ch  f i r s t  s t age ,  and t h i s  
l i m i t a t i o n  w i l l  become problematic  w i th  coa l  l i q u i d s .  

This technique i s  a l s o  l i k f l y  t o  be more e f f e c t i v e  i n  l a r g e r  furnaces  whose 

3.1.3 Smoke Emissions 

The smoke measurements made during these  tests of t he  c o a l  l i q u i d s  i n  t h e  
Data are a l s o  included from tests o f  anthracene test burner are shown i n  F i g u r e  5. 

o i l  and No. 4 f u e l  o i l  [ t he  la t ter  a t  138kPa (20 psi) atomizing a i r  p res su re ] .  No. 2 
f u e l  o i l  gave no smoke when t h e  excess  a i r  exceeded 1 2 % .  
than 25%, t h e  smoke from t h e  d i s t i l l a t e  coa l  l i o u i d  was l e s s  than ASTM smoke No. 1 
(a t y p i c a l  performance requirement f o r  a home furnace)  and t h e  smoke from t h e  f u l l -  
range l i q u i d s  w a s  less than  approximately a Ringelman number one, which is a common 
l i m i t  f o r  i n d u s t r i a l  furnaces .  This  is a r e l a t i v e l y  low a i r  requirement.  .When t h e  
excess  a i r  was increased above 50%. t h e  smoke from the  d i s t i l l a t e  f u e l s  ( including 
anthracene o i l )  decreased t o  less than  ASTM smoke No. 1; in c o n t r a s t ,  t h e  r e s i d u a l  f u e l s  
( t h e  ful l - range coa l  l i q u i d s  and t h e  No. 4 f u e l  oil) produced moderately p e r s i s t e n t  
smoke. 

When t h e  excess a i r  was Sreater  

There is a r e l a t i o n s h i p  between t h e  smoking tendencies  of t hese  f u e l s  
and some of t h e i r  composi t ional  p rope r t i e s .  
is  appa ren t ly  t h e  non-vo la t i l e  con ten t  o f  t he  ful l - range f u e l s ,  whose p e r s i s t e n t  
smoking places them in a s e p a r a t e  group from t h e  d i s t i l l a t e  f u e l s .  Further  comparisons 
o f  smoke formation from fu l l - r ange  c o a l  l i q u i d s  and from petroleum r e s i d u a l  f u e l s  a r e  
needed and may be made p o s s i b l e  by us ing  a v a r i a b l e  f u e l  p rehea te r  i n  the  t e s t  
burner.  The API grav i ty  o f  t h e  d i s t i l l a t e  f u e l s  is c lose ly  r e l a t e d  t o  t h e i r  tendency 
t o  form soot  i n  the low excess  air  range. V i s c o s i t i e s  and carbon numbers do no t  seem 

The most i n f l u e n t i a l - o f  t hese  p rope r t i e s  
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t o  bear  any r egu la r  r e l a t i o n  t o  t h e  smoking tendencies of t h i s  set of f u e l s ,  al though 
these  p rope r t i e s  a r e  a l s o  important.  

In  o rde r  t o  ob ta in  f u r t h e r  in format ion  about t he  e f f e c t  of t h e  a romat ic  . 
content  of f u e l s  on t h e i r  smoking tendencies ,  a middle d i s t i l l a t e  c y c l e  o i l  was 
t e s t e d .  It resembled t h e  d i s t i l l a t e  c o a l  l i q u i d ,  s i n c e  i t s  API  g r a v i t y  w a s  15.3; bu t  
i t  d id  not  plug pressure-atomizing nozzles,  pe rmi t t i ng  the  use of  a convent iona l  but 
e f f i c i e n t  home furnace  burner.  No. 2 f u e l  o i l  w a s  a l s o  burned f o r  comparison.. The 
No. 2 f u e l  o i l  requi red  17% excess a i r  t o  l i m i t  t he  smoke from i ts  combustion t o  a 
number one spot ;  and the  cyc le  o i l  requi red  a moderate inc rease  i n  excess  a i r ,  t o  
27%, t o  reduce its smoke t o  t h i s  l i m i t .  

'\ 

'r 

\ 

'\ 

L 

3.2 EFFECT OF BURNER DESIGN ON EMISSIONS 

As w e  have descr ibed ,  t h e  combustion of t he  coa l  l i q u i d s  i n  t h e  r e s i d e n t i a l -  
s i z e  test burner produced f u e l  n i t rogen  conversion l e v e l s  which w e r e  c l o s e  t o  t h e  
conversions repor ted  f o r  r e s i d u a l  petroleum f u e l  o i l s  burned i n  somewhat l a r g e r  
u n i t s .  These lat ter furnaces  had air-atomizing nozz les ;  and i n  comparison wi th  
r e s i d e n t i a l  burners ,  they had longer  res idence  times and h igher  flame temperatures.  I n  
con t r a s t ,  t e s t s  by Martin2 i n  a r ep resen ta t ive  r e s i d e n t i a l  furnace  produced f u e l  
n i t rogen  conversions which were gene ra l ly  50% lower then those  observed i n  our  modified 
r e s i d e n t i a l  test furnace  and i n  t h e  l a r g e r  u n i t s  mentioned above. A pressure-atomizing 
nozzle w a s  employed by Martin t o  b u m  a s e r i e s  of No. 2 f u e l  o i l s  doped with py r id ine  
and o the r  n i t rogen  compounds; t h i s  u n i t  had a h igh  tendency t o  form smoke. 

On t h e  o t h e r  hand, much g r e a t e r  f u e l  n i t rogen  conversion has been observed 
i n  s m a l l  combustors i n  which very high combustion i n t e n s i t i e s  were produced by 
acce le ra t ed  mixing of combustion a i r  and f u e l .  and a l s o  by t h e  f i n e  a tomiza t ion  of 
t h e  0 i 1 . ~ ~ ~  
NO . In  o rde r  t o  r e l a t e  our r e s u l t s  t o  these  var ious  s t u d i e s ,  s e v e r a l  burners were 
asgembled having va r ious  a i r  handling p a r t s  which va r i ed  the  a i r  mixing r a t e  over a 
wide range; t hese  burners  w e r e  used i n  a series of tests wi th  No. 2 f u e l  o i l  doped 
wi th  py r id ine  a t  t h e  l e v e l  of 0.50% ni t rogen .  Since t h e  smoke-forming tendency of 
such burners  decreases  wi th  an  inc reas ing  a i r  f u e l  mixing r a t e ,  t he  smoke number 
curve of each burner was used t o  empi r i ca l ly  c h a r a c t e r i z e  its mixing r a t e  as shown i n  
F igure  6 .  Each burner is des igna ted  by the  excess a i r  l e v e l  which i t  requi red  to  
reduce t h e  smoke t o  a number one spo t ;  f o r  example, t h e  test burner used i n  t h e  coal 
l i q u i d s  test requi red  only  10% excess a i r ,  whi le  t he  l e a s t  e f f i c i e n t  r e s i d e n t i a l  
burner  requi red  120% excess a i r .  
burners  except Unit "lo", and the  d rop le t s  produced by t h e  former w e r e  probably 
s e v e r a l  t i m e s  l a rge r  than those produced by the  a i r -a tomiz ing  nozz le  i n  Unit 10.  
Burners 40A, 40B. and 120 were f i r e d  i n  the  same test b o i l e r  a s  Unit 10 ,  but had 
var ious  a i r  h d l i n g  p a r t s  and/or  flame r e t e n t i o n  heads. Curve "75" is  p l o t t e d  from 
d a t a  obtained*' from the  t e s t  furnace employed by M y t i n  and Berkau i n  the  tests of 
pyridine-doped No. 2 f u e l  o i l  which we c i t e d  above. 

I n  such u n i t s  between 50% and 100% of the  f u e l  n i t rogen  w a s  converted t o  

Pressure-atomizing nozz les  were employed i n  a l l  

Each of t hese  burners  w a s  used t o  f i r e  No. 2 f u e l  o i l  which contained 0.5% 
n i t rogen  as pyr id ine ;  F igure  7 d i sp l ays  t h e  f u e l  n i t rogen  conversion observed i n  each 
burner p l o t t e d  a s  a func t ion  of excess air. 
conversion w a s  g r e a t e r  i n  burners  having lower smoking tendencies  o r  f a s t e r  a i r - f u e l  
mixing. For example, a t  50% excess a i r ,  Burner 120, which produced t h e  most smoke, 
converted only 35% of t h e  f u e l  n i t rogen  t o  NOx. 
n i t rogen  conversion t o  NO was 70%. 

A t  any excess a i r  va lue ,  the  f u e l  n i t rogen  

I n  c o n t r a s t ,  i n  Unit 10, t he  f u e l  

4.0 CONCLUSIONS 

I n  the  following, w e  summarize t h e  observa t ions  made wi th  t h e  p a r t i c u l a r  
f u e l s  and b o i l e r  used he re ,  and note  some impl i ca t ions  of these  r e s u l t s .  

I 
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1. 
of s u l f u r  ox ides  (because of t h e i r  low s u l f u r  conten t )  and CO and hydrocarbons. The 
amount of smoke from the  combustion of t h e  d i s t i l l a t e  and t h e  fu l l - range  l i q u i d s  was 
less than  t h e  t y p i c a l  limits f o r  ( r e spec t ive ly )  home furnaces  and f o r  i n d u s t r i a l  un i t s .  
Only t h e  NOx emissions were p o t e n t i a l l y  problematic.  
t h e  removal of n i t rogen  from some c o a l  l i q u i d s  by upgrading; the minimum processing 
requirements 

Generally,  t h e  combustion of t h e  coa l  l i q u i d s  produced n e g l i g i b l e  amounts 

This  problem can be solved with 

f o r  t h i s  are now be ing  a sce r t a ined .  

2. The c o a l  l i q u i d s  t e s t e d  contained 0.3% and 0.5% n i t rogen ,  and the  concen- 
t r a t i o n  of NOx i n  t h e  f l u e  gas  r e s u l t i n g  from t h e i r  combustion ranged between 240 and 
400 ppm. The behavior of t h e  coa l  l i q u i d s  in the  test burner used h e r e  w a s  s i m i l a r  
to t h a t  observed by Turner and Siegmund in t h e i r  tests of petroleum r e s i d u a l  o i l s  
i n  a 10-gph b o i l e r .  A t  25% excess  a i r ,  35% t o  50% of the  fuel-bound n i t rogen  was 
converted t o  NO . Although t h e  n i t rogen  conten t  o f  t he  d i s t i l l a t e  c o a l  l i q u i d  w a s  
4011 less than t f a t  of t h e  fu l l - r ange  l i q u i d ,  NO 
apprec iab ly  reduced. 
sugges t s  t h a t  staged combustion w i l l  be  e f f e c t i v e  when app l i ed  t o  coa l  l i q u i d s  
combustion, although smoke format ion  may then be problematic.  

emissions from t h e  former were n o t  
The reduc t ion  i n  NO emishons  wi th  decreas ing  excess air 

3. Pyridine-doped No. 2 f u e l  o i l  exh ib i t ed  more ex tens ive  conversion to 
NO 
thg  n i t rogen  conten t  of  t h e  latter. 
conversion than  did pyr id ine ,  a t  h igh  excess  a i r  l e v e l s .  
between t h e  emissions from t h e  combustion of fu l l - range  l i q u i d s  der ived  from bituminous 
and sub-bituminous coa l .  

t han  d id  t h e  d i s t i l l a t e  coal l i q u i d ,  probably due to  t h e  lower v o l a t i l i t y  of 
P i p e r i d i n e  appeared t o  e x h i b i t  s l i g h t l y  h igher  

There was l i t t l e  d i f f e rence  

’ 
4. Tests of pyridine-doped No. 2 f u e l  oil i n  a s e r i e s  of modified burners  

showed t h a t  as the f u e l - a i r  mixing rate w a s  increased  and smoke €ormation decreased, 
t he  conversion of f u e l  n i t rogen  was doubled. 
burner  used in the c o a l  l i q u i d s  t e s t s  w a s  g r e a t e r  than  t h a t  i n  conventional home 
furnace  burners .  

The f u e l - a i r  mixing r a t e  in t h e  test 

In  conclusion, t h e s e  tests of c o a l  l i q u i d s  i l l u s t r a t e  how s e v e r a l  f u e l  

These e f f e c t s  are similar t o  those noted i n  o thersVxobserva t ions  
p r o p e r t i e s  and equipment and ope ra t ing  parameters a f f e c t  t he  emissions of NO 
smoke from t h e s e  f u e l s .  
of t h e  combustion of petroleum f u e l  d s ,  although more d e f i n i t i v e  t e s t i n g  is ind ica ted .  

and 
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F IGURE 5 
SMOKE FROM COAL L I Q U I D S  

AND OTHER F U E L S  
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FIGURE 6 
SMOKE FROM VARIETY OF BURNERS 
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